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(57) ABSTRACT 

The present invention provides a circuit for a programmable 
transitive processing unit for performing complex functions, 
such as multiplication, pipelining of one or more values, 
and/or shift operations, Wherein the circuit can be con?gured 
to be a constituent of an array of other similar circuits to 
form, for example, a larger multiplier. 
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TRANSITIVE PROCESSING UNIT FOR 
PERFORMING COMPLEX OPERATIONS 

BACKGROUND 

1. Field of the Invention 
The present invention relates generally to con?gurable 

processor systems, and more particularly to programmable 
transitive processing units (“TPUs”) for performing com 
plex functions. 

2. Background 
Digital signal processing (DSP), encryption and other 

complex functions require high levels of computational 
poWer to perform the underlying intricate arithmetic opera 
tions. To improve the functionality and performance of 
processing such complex functions, programmable embed 
ded systems have been implemented in electronic devices 
designed for speci?c applications. Some of these program 
mable embedded systems include Field Programmable Gate 
Array (FPGA) technology to provide programmable func 
tions. FGPAs generally include a basic standard-cell logic 
disposed in a programmable array structure. FPGAs, hoW 
ever, are designed to be universally used in a multitude of 
applications and thus comprise many logic gates, such as 
from 400,000 to 1.5 million (or more) gates, for adaptation 
to a speci?c application. But in most applications, the large 
amounts of programmable logic of the FPGAs go unused 
and effectively become Wasted. 
A unique approach to providing for programmable 

embedded systems that minimiZes unused programmable 
functionalities, among other things, uses one or more con 

?gurable arithmetic logic units (CALUs) disposed in roWs 
and columns of a programmable logic array. Because 
CALUs provide scalable (i.e., con?gurable) functionality in 
terms of circuitry and routing resources, the programmable 
logic arrays having CALUs are referred to as a multi-scale 
programmable logic arrays (MSAs). The programmable 
logic core of an MSA is a programmable logic fabric that can 
be customiZed to implement any digital circuit after fabri 
cation of, for example, a System on a Programmable Chip 
(SOPC). The programmable logic fabric consists of any 
number of uncommitted gates and programmable intercon 
nects betWeen these gates so that they can be later pro 
grammed to perform speci?c functions. An MSA architec 
ture alloWs digital logic to be designed and programmed 
using both small-scale block (e.g., gate level blocks) and/or 
medium scale block (e.g., Register Transfer Level, or 
“RTL,” blocks) techniques. 

In an MSA architecture optimiZed for simple arithmetic 
operations, such as binary addition, subtraction, Boolean 
logic functions, etc., the CALUs can provide results expe 
ditiously. The CALUs, hoWever, are typically not optimiZed 
to quickly perform complex functions such as multiplica 
tion, shift operations or other sophisticated arithmetic opera 
tions. 

Thus, there is a need for a circuit and a method for 
executing complex functions that overcome the draWbacks 
of conventional approaches of providing for con?gurable 
processing capabilities. 

SUMMARY OF THE INVENTION 

The present invention provides a circuit for a program 
mable transitive processing unit and a method for perform 
ing complex functions. A “transitive” processing unit and its 
circuit refers to its ability, in some embodiments, to generate 
a result, Which depends on each input bit of one or more 
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2 
operands. In one embodiment, a transitive processing unit 
(“TPU”) circuit functions as a part of an array of TPU 
circuits, the TPU circuit comprising a multiplier circuit 
including a ?rst operand input for receiving a portion of a 
?rst operand. The multiplier circuit also includes a second 
operand input for receiving a portion of a second operand. 
The multiplier circuit further is con?gured to receive a 
portion of a left-immediate result generated by a left-TPU 
circuit to the left of the TPU circuit if present in the array. 
Moreover, the multiplier circuit receives a portion of an 
above-partial product from an above-TPU circuit above the 
TPU circuit if present in the array. Finally, the multiplier 
circuit generates a portion of an immediate result and a 
portion of a partial product. An exemplary TPU also 
includes a pipeline circuit con?gured to store a ?rst operand 
input and a second operand input to generate the portion of 
the immediate result and the portion of a partial product at 
a speci?c point in time. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of an exemplary transitive 
processing unit (“TPU”) and an array of TPUs in accordance 
With an embodiment of the present invention. 

FIG. 2 is a block diagram of an exemplary multiplier 
composed of an array of TPUs in accordance With an 
embodiment of the present invention. 

FIG. 3 is a schematic diagram of an exemplary TPU 
multiplier circuit in accordance With an embodiment of the 
present invention. 

FIG. 4 is a block diagram illustrating interconnections 
betWeen a TPU pipeline circuit and a TPU multiplier circuit 
of an exemplary TPU. 

FIG. 5 is a table describing control signals for con?guring 
an exemplary TPU in accordance With a speci?c embodi 
ment. 

FIG. 6 is a schematic shoWing an array of four TPUs and 
their exemplary interconnections in accordance With an 
embodiment of the present invention. 

FIG. 7 is a schematic of an exemplary TPU pipeline 
circuit in accordance With an embodiment of the present 
invention. 

FIG. 8 depicts schematic diagrams of exemplary circuits 
employed in some embodiments of the present invention. 

FIG. 9 depicts schematic diagrams of additional exem 
plary circuits employed in some embodiments of the present 
invention. 

FIG. 10 illustrates subsystems of an exemplary computer 
system for use With the present system. 

DESCRIPTION OF THE SPECIFIC 
EMBODIMENTS 

As shoWn in the exemplary draWings Wherein like refer 
ence numerals indicate like or corresponding elements 
among the ?gures, exemplary embodiments of a system and 
method according to the present invention are described 
beloW in detail. It is to be understood, hoWever, that the 
present invention may be embodied in various forms. There 
fore, speci?c details disclosed herein are not to be inter 
preted as limiting, but rather as a basis for the claims and as 
a representative basis for teaching one skilled in the art to 
employ the present invention in virtually any appropriately 
detailed system, structure, method, process or manner. 

FIG. 1 shoWs a simple block diagram depicting inputs and 
outputs of TPU 102 in accordance With a speci?c embodi 
ment of the present invention. In this example, TPU 102 
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receives on inputs X (i.e., X operand) and Y (i.e., Y operand) 
and generates outputs PD (abbreviation representing product 
data in some applications) and DR (abbreviation represent 
ing data register in some applications), Where the operation 
of TPU 102 is con?gurable. As shoWn, the X operand, Y 
operand, PD and DR are xx, yy, pp and dd bits Wide, 
respectively. In one embodiment, the X operand is a multi 
plicand and the Y operand is a multiplier When TPU 102 is 
con?gured to operate as a multiplier circuit. 
TPU 102 can be con?gured as a multiplier to determine 

the product betWeen the X operand Y operand. If xx is 8 bits 
and yy is 4 bits, then the product is 12 bits. In this example, 
the upper bits (e.g., 8 bits) of the product is output from the 
TPU at PD, and the loWer bits (e.g., 4 bits) of the product is 
output from the TPU at DR. To multiply larger numbers, 
additional TPUs 104 can be coupled to form a multiplier of 
TPU array 110. In this example, a 16-bit by 8-bit multiplier 
can be realiZed using tWo columns of TPUs With tWo TPUs 
in each column (i.e., tWo roWs) in TPU array 100. As shoWn 
in FIG. 1, TPUs 150 and 154 form one column and TPUs 
152 and 156 from the second column. The loWer 8-bits of the 
24-bit result are output from DR lines 106 (e.g., 4 bits per 
line) in the right column While the upper 16-bits of the result 
are output from PD lines 108 (e.g., 8 bits per line) from the 
bottom roW. 

In some embodiments, the intermediate values that are not 
part of the ?nal result (i.e., partial product values) can be 
output onto DR lines 114 and PD lines 112 to other TPU 
blocks not shoWn in FIG. 1 via con?gurable interconnec 
tions (e.g., the programmable logic fabric in Which the TPUs 
reside) betWeen TPUs. One having ordinary skill in the art 
Will appreciate that TPUs can be arranged into “rows” and 
“columns” either physically oriented on an integrated circuit 
or conceptually, or both. Although FIG. 1 shoWs four TPUs 
forming TPU array 110, feWer or more TPUs can be coupled 
to form a smaller or larger multiplier in accordance With the 
present invention. 

In accordance With a speci?c embodiment, When an X 
operand has more than xx bits, the least signi?cant bit(s) are 
input into a TPU in the top roW and in the right column (e.g., 
TPU 152 of FIG. 1). The next most signi?cant bit(s) are 
connected to the next column to the left (e.g., TPU 150) and 
so forth so that the most signi?cant bit(s) of the X operand 
are connected to the left-most column. Given an X operand 
of 8 bits, for example, the most signi?cant bit X(bit7) is 
input on the left-most side of TPU 102 and the least 
signi?cant bit X(bit0) is input on the right-most side of TPU 
102. If the number of bits in the X operand is not a multiple 
of xx (e.g., not a multiple of “8”), then the X operand is 
either sign extended With Zero values for an unsigned 
operand or is signed extended With the most signi?cant bit 
of X for a signed operand. 

Similarly, the least signi?cant bit(s) of the Y operand is 
applied to the top roW of TPU array 110 With consecutive 
bits distributed to consecutive roWs beloW. For example, if 
a Y operand is 8 bits Wide and Y lines are 4 bits Wide such 
as shoWn in FIG. 1, then Y(bits 7-4) are applied to the roW 
including TPU 154 and Y(bits 3-0) are applied to the roW 
including TPU 150. Further to this example, if the Y operand 
is not a multiple of yy bits (e.g., not a multiple of 4 bits), then 
the Y operand is either signed extended With Zeros if Y 
operand is unsigned, or is signed extended With the most 
signi?cant bit of Y for a signed operand to be a multiple of 
4 bits. When TPU array 110 is employed as a multiplier, the 
Y operand input (“YIN”) is applied to the roWs of TPUs in 
TPU array 110 such that a YIN bit is applied to a speci?c roW 
of TPUs. For example, YIN(bits 7-4) are typically applied to 
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4 
both TPUs 154 and 156 at or near the same time and 
YIN(bits 4-0) are typically applied to both TPUs 150 and 
152 at or near the same time. 

In another embodiment, the Y operand of TPU 102 can be 
con?gured as constant value input (i.e., “K”). Using a 
constant value eliminates the need for additional routing 
signals for the Y operand (or part of the Y operand). In some 
embodiments, the bits of Y operand can originate from 
different sources. For example, some bits of YIN can be a 
constant value, some bits can originate from Y operand, 
and/or some bits can originate from other TPUs (not shoWn), 
Which can be physically remote from TPU array 110. As an 
example of other TPUs providing some bits of Y operand, 
these bits can result from another arithmetic operation 
performed in a remote TPU and then applied to TPU array 
110 as part of Y operand. As another example, some bits of 
Y operand can be an output of a remote TPU con?gured to 
provide a delay chain function. 

Result 140 of a multiplier formed from TPU array 110 is 
shoWn in FIG. 1 to include upper bits output from PD lines 
108 and loWer bits output from DR lines 106. The least 
signi?cant bits associated With A and B of result 140 are 
output from DR lines 106 of TPU 152 and TPU 156, 
respectively. The most signi?cant bits associated With C and 
D of result 140 are output from PR lines 108 (i.e., for 
immediate result bits) of TPU 156 and TPU 154, respec 
tively. In short, the order of bit output of the upper bits of 
result 140 is top to bottom, With the least signi?cant bit (i.e., 
Y(bit0)) at the top. This arrangement alloWs the least sig 
ni?cant bits of the output to be folded back into a data path 
?oW With the same alignment as the Y operand inputs. 

As Will be discussed beloW, TPU 102 is con?gured such 
that it can be combined With other TPUs to form an array of 
TPUs. When functioning as a part of a multiplier, each TPU 
is identi?ed by its relative position in the array and is 
distinguishable from other TPUs if it is in the right-most 
column, the left-most column and/or the top-most roW. The 
relative position of a TPU is de?ned, according to one 
embodiment, by a number of control bits that con?gure the 
TPU as being in the right-most column, the left-most column 
and/or the top-most roW. Further, a TPU can be con?gured 
to accept either the X operand or Y operand, or both, as 
unsigned or signed numbers. A signed operand, for example, 
can be a “tWo’s complement” representation of either a 
positive or negative integer number. In some embodiments, 
TPU 102 can be con?gured to provide, as Will be discussed 
beloW, other functions such as pipelining, shifting, delay 
chaining, etc. 

In accordance With a speci?c embodiment of the present 
invention, each TPU of TPU array 110 generates a partial 
product that, When summed together With the other partial 
products generated by the other TPUs of TPU array 110, 
produces result 140. TPUs 150 and 154 output the loWer bits 
of their partial products out DR lines 114, Whereas TPU 150 
outputs the upper bits of its partial products out PD lines 112 
and PTU 154 outputs the upper bits of its partial product, 
Which here is part of the ?nal result, out PD lines 108. 
Equation 1 illustrates hoW the multiplication of an X oper 
and With a Y operand can be distributed across TPU array 
110 to determine partial products. 

Where “XU” and “XL” represent the portions of the upper 
bits and the loWer bits, respectively, of the X operand, “YU” 
and “YL” represent the portions of upper bits and the loWer 
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bits, respectively, of the Y operand, “n” is the number of bits 
in the loWer portion of the X operand and “m” is the number 
of bits in the loWer portion of the Y operand. Hence, in this 
example TPU 150 yields partial product @(U-YL), Which is 
equivalent to [(XU~YL)~2”], TPU 152 yields partial product 
(XL-YL), TPU 154 yields partial product @(U-YU), Which 
is equivalent to [Q(U~YU)~2”+’"], and TPU 156 yields partial 
product (XL~YU), Which is equivalent to [(XL~YU)~2’"]. 
Although other Ways of ordering the bits of the operands 
(e. g., ordering the X operand input into TPUs from the least 
signi?cant bit at left-most input to most signi?cant bit at 
right-most input) are Within the scope of the present inven 
tion, the exempli?ed order is Well-suited for con?guring 
TPU array 110 as a multiplier. 

Because multiplicative results obtained by multiplying 
binary numbers together is a function of the upper bits of the 
result rather than the loWer bits of the result, the loWer bits 
of result 140 can be determined Without additional process 
ing. That is, the upper bits of the result only need be 
processed as necessary to, for example, correct for signed 
operand multiplication. As Will be shoWn beloW, only select 
TPUs of a TPU array comprising a multiplier need process 
the upper bits of the result. Further, because the loWer bits 
of the result need not undergo further processing, the com 
plexity of routing interconnects is decreased and the pro 
cessing speed of a multiplier increases. One having ordinary 
skill in binary mathematics Will appreciate the nature of 
binary number multiplication, especially in vieW of ring 
modulo mathematics. 

In one embodiment, pipelining functionality of TPU 102 
is implemented using one or more pipeline registers for 
temporally storing either or both of input and output values 
from, for example, a multiplier block of TPU 102. With such 
pipelining, large multipliers can be constructed so as to 
operate at relatively high speeds. The pipeline registers of 
TPU 102 can be used to resolve the intermediate results 
(e.g., partial products values) While accommodating differ 
ent programmable register delays. By breaking up the mul 
tiplication in function in stages, Which are pipelined, larger 
complex functions (e.g., larger multipliers) can be accom 
plished With high and/or uniform clock speeds Without 
degrading accuracy of the results. In some cases, such 
pipeline registers can be used to provide for signed value 
correction. These and other pipelining functionalities are 
discussed beloW. 

In another embodiment, TPU 102 can be con?gured to 
perform shift operations. In operation, TPU 102 uses the X 
operand as a component of a shift value input. TPU 102 
converts this value to a multiplicative to shift the Y operand 
by the number of bit-positions represented by the X operand 
value. In yet another embodiment, TPU 102 can function as 
a programmable delay chain that, for example, can delay 
execution of an arithmetic logic operation. An example of 
such a delay involves delaying the addition of a ?rst number 
until the product of a second and third number is determined. 
The input and output pipeline registers can be combined to 
form a programmable delay chain in accordance With a 
speci?c embodiment. In this case, the Y-operand input of 
TPU 102 forms the input to a delay chain While the DR 
output of TPU 102 represents the output of the delay chain. 
In an exemplary circuit, TPU 102 can be programmed to 
implement any delay from one to eight clock steps. Circuits 
for performing shift and pipeline operations Will be 
described beloW. 

FIG. 2 depicts an exemplary 16-bit by 16-bit multiplier 
formed by an array of TPUs in accordance With a speci?c 
embodiment of the present invention. In this instance, eight 
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6 
TPUs 102 of FIG. 1 are programmed to be at least inter 
connected as shoWn in FIG. 2. The TPUs of FIG. 2 includes 
at least a TPU multiplier circuit (“TPUM”) for generating a 
partial product and a TPU pipeline register circuit (“TPUP”) 
for temporally storing partial products, among other things. 
For purposes of distinguishing betWeen different TPUMs 
and TPUPs among the TPUs, each TPUM and TPUP is 
identi?ed by roW and column, such as TPUM(1,1) residing 
in TPU 302 and located at the intersection of the ?rst roW 
and the ?rst column. The TPUs in the array, hoWever, are not 
all functionally identical in this example. That is, they have 
been con?gured to operate uniquely to construct the 16-bit 
by 16-bit multiplier. 

For example, TPUs 302 and 304 are each con?gured to 
directly receive 8 bits of the X operand via the respective 
XD lines of these TPUs. As shoWn, the X operand is applied 
to registers 320 Within TPUs 302 and 304, respectively. In 
some embodiments, registers 320 of TPUs 302 and 304 are 
included in TPUPs (1,1) and (1,2), respectively. The other 
TPUs, hoWever, are programmed to receive the upper bits of 
a partial product as Well as a portion of the X operand, Where 
these upper bits of the partial product is generated from a 
TPU in a previous roW and are communicated via a set of PD 
lines to these other TPUs. For example, port PT of TPU 312 
is coupled to port PD of TPU 302 to receive upper bits ofa 
partial product from pipeline register TPUP(1,1), as gener 
ated by TPUM(1,1). Further, port XT of TPU 312 is coupled 
to port PTX of TPU 302 for receiving a part of the X operand 
(i.e., into port XD), Where the X operand bits X(bit 15)-X 
(bit8) are temporally stored in register 320 of TPU 302. 
Hence, the upper bits of the partial product are propagated 
to TPUM (2,1) of TPU 312 When clocked at the ?rst clock 
cycle (“CLK(1)”), Whereas the X operand bits X(bit 15)-X 
(bit8) are propagated register 320 of TPU 312 at initial clock 
cycle CLK(0). The partial products and X operand bits are 
similarly communicated betWeen TPUs 304 and 314 (as Well 
as other the TPUs) via lines betWeen ports PD and PT and 
ports PTX and XT. The discussion in connection With FIGS. 
5-7 describe the ports (or lines) of a TPU, such as PTX and 
PD, and their corresponding functionality. 
As another example, the TPUs in the left column are 

con?gured to have a clock delay in providing a portion of the 
Y operand to a TPUM. In another example, the TPUs in the 
right column are programmed to include a delay (i.e., 
“DLY(g),” Where g is 0, 1, 2 or 3 and represents a pipeline 
stage) in outputting a loWer portion of a partial product from 
an associated TPUM. Each of the TPUs in FIG. 2 can be 
con?gured and/ or interconnected to perform other functions 
(not shoWn), some of Which are described beloW. 
As shoWn, the array of TPUs in FIG. 2 is con?gured to 

receive a 16-bit X operand; top roW TPUs 302 and 304 
receive X operand bits X(bit15)-X(bit8) and X(bit7)-X 
(bit0), respectively, during initial clock cycle CLK(0). Other 
TPUs in the same column are con?gured to receive the same 
X operand at other clock cycles, if pipelining of such 
operand is employed. For example, TPUs 312 and 314 
receive X operand bits X(bit15)-X(bit8) and X(bit7)-X 
(bit0), respectively, at initial clock cycle CLK(0). Similarly, 
TPUs 322 and 324 receive X operand bits X(bit15)-X(bit8) 
and X(bit7)-X(bit0) from registers 320 of TPUs 312 and 
314, respectively, at clock cycle CLK(1), and TPUs 332 and 
334 receive X operand bits X(bit15)-X(bit8) and X(bit7)-X 
(bit0) from registers 320 of TPUs 322 and 324, respectively, 
at clock cycle CLK(2). Exemplary array 300 also is con?g 
ured to receive a 16-bit Y operand; the top roW TPUs 302 
and 304 receive Y operand bits YIN(bit3)-YIN(bit0), the 
second roW of TPUs 312 and 314 receive Y operand bits 
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YIN(bit7)-YIN(bit4), the third roW of TPUs 322 and 324 
receive Y operand bits YIN(bit11)-YIN(bit8), and the fourth 
roW of TPUs 332 and 334 receive Y operand bits YIN 

(bit15)-YIN(bit12). 
In this example, the YIN bits are input into a register, such 

as Y(bit11)-Y(bit8) register 306. These Y bit registers 306, 
although optional in use, are con?gured to provide a portion 
of the Y operand to a TPUM in the corresponding TPU roW 
at a given point in time. For example, YIN(bit7)-YIN(bit4) 
are applied to TPUM (2,1) and TPUM(2,2) as bits Y(bit7) 
Y(bit4) at clock cycle one (i.e., CLK(1)), Which is a clock 
cycle after bits Y(bit3)-Y(bit0) are applied to TPUM (1,1) 
and TPUM (1,2). Similarly, Y bit register 306 for bits 
Y(bit11)-Y(bit8) are clocked to provide these Y bits to 
TPUMs (3,1) and (3,2) at second clock cycle CLK(2), and 
Y bit register 306 for bits Y(bit15)-Y(bit12), are clocked to 
provide these Y bits to TPUMs (4,1) and (4,2) at third clock 
cycle CLK(3). In another embodiment, each Y bit register 
306 is part of the associated TPUP block. As shoWn in FIG. 
2, each TPUP circuit in a roW of TPUs are clocked during the 
same ordinal clock cycle. For example, TPUPs (3,1) and 
(3,2) are in the same roW and are clocked at the same time 

by CLK(3). 
Further to the exemplary multiplier shoWn in FIG. 2, each 

TPUM of the TPUs in the top roW, such as TPUMs (1,1) and 
(1,2), receive part of the X operand. HoWever, each of the 
other TPUMs in loWer roWs of TPUs 312 and 314, and 
beloW, such as TPUMs (2,1), (2,2), etc., receive both a part 
of the upper bits of a partial product (e.g., either upper or 
loWer PD bits) and a part of the X operand (e.g., either upper 
or loWer X operand bits) from a TPU “upstream” in the How 
of arithmetic operations (i.e., a TPU in an above roW). The 
TPUMs perform a multiplication function using the select Y 
and X operand bits and communicates the upper bits of the 
partial product to a pipeline register via PTB lines. Each of 
the TPUMs in the left column are coupled to a correspond 
ing TPUM in the right column via lines PR (“Product to the 
Right”) and lines PL (“Product from the Left”). These lines 
provide the loWer bits of a partial product to form a portion 
of the ?nal result. The portion of the ?nal result, Which may 
be delayed, is output from lines DR(bit3)-DR(bit0). If the 
portion of the ?nal result is delayed, Which is programmable, 
the portion is temporally stored in pipeline register 308. 
Pipeline registers 308 can, in some embodiments, be part of 
a TPUP circuit. 

In operation, bits X(bit15)-X(bit8) and X(bit7)-X(bit0) 
are multiplied by bits Y(bit3)-Y(bit0) in respective TPUMs 
(1,1) and (1,2) at an initial clock cycle CLK(0), With the 
portion of the ?nal result stored until clock cycle 4 (“CLK 
(4)”), Which is 3 clock delays (i.e., g:3, and hence “DLY 
(3)”) after clock cycle one. The upper bits of both the partial 
results and the X operand are stored in TPUPs (1,1) and 
(1,2), respectively, until the next clock cycle, CLK(1). 
During clock cycle CLK(1), bits X(bit15)-X(bit8) and 
X(bit7)-X(bit0) are each multiplied by bits Y(bit7)-Y(bit4) 
in respective TPUMs (2,1) and (2,2), With the resulting 
partial product during that cycle added to bits PD(bit15) 
PD(bit8) and PD(bit7)-PD(bit0), respectively. These upper 
bits (i.e., PD(bit15)-PD(bit8) and PD(bit7)-PD(bit0)) of the 
partial results are respectively determined in TPUMs (1,1) 
and (1,2) during the previous clock cycle CLK(0). Also, 
additional loWer bits (i.e., bits PR(bit7) to PR(bit4)) of the 
?nal result, as determined during clock cycle CLK(1), are 
stored as bits DR(bit7)-DR(bit4) in register 308 of TPU 314 
until clock cycle CLK(4). 

During clock cycle CLK(2), bits X(bit15)-X(bit8) and 
X(bit7)-X(bit0) are each multiplied by bits Y(bit11)-Y(bit8) 
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in respective TPUMs (3,1) and (3,2), With the resulting 
partial product during that cycle added to bits PD(bit15) 
PD(bit8) and PD(bit7)-PD(bit0)) as determined in respective 
TPUMs (2,1) and (2,2)). The values of the partial products, 
as determined in TPUMs (2,1) and (2,2), are clocked out of 
TPUPs (2,1) and (2,2) to the TPU roW beloW during clock 
cycle CLK(2). Further, additional loWer bits (i.e., bits 
PR(bit11) to PR(bit8)) of the ?nal result as bits DR(bit11) 
DR(bit8) are stored in register 308 until clock cycle CLK(4), 
Which is one delay (i.e., DLY(1)) after clock cycle CLK(3). 
The upper bits of the partial results are stored in TPUP (3,1) 
and TPUP(3,2) and the X operand bits are stored in registers 
320 of TPUs 332 and 334 until the next clock cycle. This 
process continues in a similar fashion until clock cycle 
CLK(4) When the bits PD(bit15)-PD(bit0) form the upper 
bits of the ?nal result (i.e., 32 bit product) and bits 
DR(bit15)-DR(bit0) form the loWer bits thereof. That is, 
upper bits PD(bit15)-PD(bit8) are concatenated With upper 
bits PD(bit7)-PD(bit0), Which in turn is concatenated With 
loWer result bits DR(bit15)-DR(bit12 ), DR(bit11)-DR(bit8), 
DR(bit7)-DR(bit4), and DR(bit3)-DR(bit0). 

In this exemplary 16-bit by 16-bit multiplier, four clock 
cycles are used to get the ?nal result. But it should be noted 
that a ?nal result using other operands can be computed for 
each clock cycle, Which increases the processing speed of 
device using a TPU structure. Hence, each pipelined stage 
generates a partial product so that after four clock cycles, a 
?nal result is generated after each clock cycle. For example, 
after the partial results multiplying a ?rst Y operand and a 
?rst X operand in TPUs 302 and 304 of FIG. 2 are deter 
mined, the results are clocked to the next roW of TPUs for 
further processing. During clock cycle CLK(1), a second Y 
operand (i.e., Y(bit3) to Y(bit0)) can be multiplied by a 
second X operand (i.e., X(bit15) to X(bit0)) in TPUs 302 and 
304. In other exemplary implementations, a pipeline register 
can be used only in the second and fourth roWs so that the 
result is achieved in tWo clock cycles, With a period of a 
clock cycle that is greater than for the maximum pipeline 
case (e.g., four stages of pipelines). 
A feature of an arrayed TPU pipeline structure is the 

interleaved queue alloWs the same registers (e.g., Within a 
TPUP circuit) to be used for either a Y-input delay or for 
result value delay (e.g., DR lines). This Works because the 
sum of the number of Y-operand delays and the number of 
required result value delays is the number of pipeline stages. 
For TPUs that are not used for multiplication (or shifting), 
this same register queue is usable as a variable length delay 
chain. Hence, the TPUP circuit can be used to execute 
different functions during different clock cycles. 

FIG. 3 illustrates an exemplary TPUM circuit of a TPU in 
accordance With a speci?c embodiment of the present 
embodiment. As shoWn, exemplary TPUM circuit 350 
includes the circuits shoWn, Which are interconnected and 
designed to receive control signals during a speci?c mode (a 
mode of functionality of a TPU of de?ned by one of a subset 
of control signals Where the functionality occurs over one or 
more clock cycles), Which are underlined in FIG. 3, and to 
communicate data upon Which arithmetic operations are 
performed. Multiplier circuit 356 performs a multiplication 
function and is coupled to sign correction circuits 362 and 
370, Which are used When the operands are signed (i.e., 
either positive or negative). Multiplier circuit 356 is coupled 
to partial result circuit 352, Which provides the partial result 
from another roW of TPUs. Further, multiplier circuit 356 is 
coupled to full adder circuit 374 for forming an immediate 
partial result. In at least one embodiment, full adder circuit 
374 can be con?gured to employ carry-look-ahead (“CLA”) 
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techniques to restore the intermediate partial result(s) at one 
or more pipeline stages. Horizontal carry circuit 364 can be 
employed to provide carries necessary to perform CLA 
carries. In some embodiments, exemplary TPUM circuit 350 
is referred to as a combinational multiplier circuit that is 
con?gurable to perform signed (or unsigned) multiplication 
either by itself, or alternatively, With other TPUM circuits 
350 (to form a larger multiplier circuit). In another embodi 
ment, TPUM circuit 350 is con?gured to perform other 
arithmetic functions (such as adding, subtracting, etc.), 
logical functions (such as OR, AND, etc.), and/or combina 
tions thereof. 

Partial result circuit 352 operates to provide upper bits of 
an immediate partial result via PT lines (i.e., PT7 to PTO) if 
a TPUM is upstream, or is above TPUM 350 (i.e., the TPU 
in Which TPUM 350 resides is not in the top roW of TPUs). 
OtherWise, if TPUM 350 resides in a TPU in the top roW, 
then no previously determined partial result is considered. 
Rather, X operand bits X7 to X.0 Will be supplied to 
multiplier circuit 356. Partial result circuit 352 is enabled 
With control signal CNTT; When it is activated, partial 
results are passed through to multiplier circuit 356. But 
When not activated, Zero values are supplied to multiplier 
circuit. In one embodiment, CNTT means “Continue Top,” 
and When set indicates that a TPU exists above TPUM 350 
in a common TPU array. An exemplary basic block of partial 
result circuit 352 is a logical AND operator circuit. 

Other control signals that de?ne the position of TPUM 
350 in an array of TPUs are CNTR and CNTL. If CNTR 
(“Continue Right”) is activated, or set, then a TPU is located 
to the right of TPUM 350 (e.g., in same array). If not 
activated (e.g., is a Zero bit), TPUM 350 resides in a TPU 
that is in the far right-most column. When activated, hoW 
ever, carries (i.e., CSI and CHI) from a TPUM to the right 
of TPUM 350 are propagated into full adder circuit 374. But 
if not activated, then lines PR.3 to PR.0 Will provide the 
loWer bits of the ?nal result. 

If CNTL (“Continue Left”) is activated, then a TPU is to 
the left of the TPU in the array in Which TPUM 350 resides. 
When activated, the loWer bits of the partial results from the 
TPU on the left is communicated via lines PL.3 to PL.0 into 
the array. OtherWise, When CNTL is not activated, then no 
TPU lies to the left of TPUM 350. Further, When left-most 
TPUM 350 is the left-most TPU in a TPU array, then the 
most signi?cant bit of the X operand is to be connected to 
the left-most column. But if the number of bits in the X 
operand is not a multiple of, for example, eight bits, then X 
operand sign extension can be employed. In particular, if the 
X operand is unsigned then “Zero”values are extended from 
the most signi?cant bit of the operand to the most left-most 
column. If the X operand is a signed operand, then the most 
signi?cant bit of that X operand is extended from its position 
to the left-most column. 

These three control signals and other control signals 
described in connection With FIG. 3 are de?ned in FIG. 5. 
The table in FIG. 5 indicates What control signals are related 
to one or more bits in a control Word. In some embodiments, 
the control bits associated With corresponding control sig 
nals are generated from a con?guration memory, such as a 
Random Access Memory (“RAM”) or other memories 
knoWn in the art. In a speci?c embodiment, these control bits 
are used for Abstract Binary Code (“ABC”) representation 
for use in programming tools, for example. 

Multiplier circuit 356 is con?gured to multiply each of X 
operand bits X7 to X.0 With each of Y operand bits Y3 to 
Y0. This bit-by-bit multiplication is performed in multiplier 
bit circuit 358, the functionality of Which is described in 
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10 
FIG. 9. Further, multiplier bit circuit 358 adds to the product 
from each bit-by-bit multiplication at least one of the 
folloWing: a partial product bit from one of the PT.7 to PT.0 
lines if such multiplier bit circuits 358 are coupled to the Y0 
line in grouping 388, and if Without grouping 388, a partial 
product bit generated by an above multiplier bit circuit 
and/or a partial product bit generated from a multiplier bit 
circuit located above and to the left of multiplier bit circuit 
358. As shoWn, exemplary multiplier circuit 356 includes 
multiplier bit circuits 358 in grouping 388 that are con?g 
ured to receive a “Zero” value, an RNDO value and an RND 
3 to provide a “rounding” function, if selected, to the 
multiplier circuit performing a multiplication process. 

In a speci?c embodiment, exemplary multiplier bit circuit 
358 operates, in part, as a “carry-save adder.” The most 
signi?cant bit resulting from a carry-save adding operation 
is the carry (“CARRY bit”), Which is provided to the next 
multiplier bit located beloW multiplier bit circuit 358. The 
least signi?cant bit resulting from a carry save adding 
operation is the sum (“SUM bit”), Which is provided to 
another multiplier bit circuit that is one over to the right and 
one doWn from multiplier circuit 385. For example, multi 
plier bit circuit 398, Which is functionally and structurally 
similar to multiplier bit circuit 358, is coupled via lines 394 
and 396 to multiplier bit circuit 392. In this example, line 
396 and line 394 convey the SUM bit and the CARRY bit, 
respectively, as generated by multiplier bit circuits 392 and 
390. Further, multiplier bit circuit 398 generates a partial 
result bit on a PR line (“Product to the Right”), such as line 
PR.2, Where the partial result bit is considered either a ?nal 
result bit, if multiplier circuit 356 is in the right-most 
column, or a partial result bit conveyed to another multiplier 
circuit 356 that is to the right of multiplier bit circuit 398. In 
the latter case, the partial result bit generated by multiplier 
bit circuit 398 is provided to the multiplier bit circuit on the 
right along a PL line (“Product from the Left”), similar to 
those multiplier bit circuits in grouping 386 that receive a 
partial result bit from multiplier bit circuits to the left of 
multiplier circuit 356. 

In accordance With one embodiment, one or more TPUMs 
350 includes either a Y sign correction circuit 362 or X sign 
correction circuit 370, or both, When constituting an array of 
TPUMs as a multiplier. These correction circuits compen 
sate for multiplication of one or more signed operands (i.e., 
either negative or positive) by subtracting the other operands 
from the ?nal results. If the X operand is determined to 
represent a signed, negative number, then Y sign correction 
circuit 362 is used to adjust the ?nal result (i.e., the most 
signi?cant bits of the ?nal result) by the magnitude of the 
number represented by the Y operand. Similarly, if the X 
operand is determined to represent a signed, negative num 
ber, then X sign correction circuit 370 is used to adjust the 
?nal result (i.e., the most signi?cant bits of the ?nal result) 
by the magnitude of the number represented by the X 
operand. Further, a ?nal product resulting one or more 
signed operands can be represented by the exemplary rela 
tionship expressed in Equation 2. 

Where “n” is the number of bits in the X operand, “m” is the 
number of bits in the Y operand, X(msbit) is X7 and 
Y(msbit) is Y3, Where X7 and Y3 exemplify the most 
signi?cant bits of TPUM 350 in FIG. 3. 

In an array of TPUMs 350 (i.e., an array of TPUs 
including TPUMs), Y sign correction circuit 362 is activated 
in those TPUMs 350 residing in left-most TPUs and X sign 
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correction circuit 370 is activated in those TPUMs 350 
located in the bottom-most roW of TPUs. Returning to the 
exemplary 16-bit by 16-bit multiplier depicted in FIG. 2, 
TPUMs (1,1), (2,1), (3,1) and (4,1) can be con?gured such 
that each respective Y sign correction circuits 362 of these 
TPUMs (not shoWn in FIG. 2) can be activated to provide for 
correction of the result due to a negatively signed X operand. 
Also, TPUMs (4,1) and (4,2) can be con?gured such that 
each respective X sign correction circuits 370 of these 
TPUMs (not shoWn in FIG. 2) can be activated to provide for 
correction of the result due to a negatively signed Y operand. 

Further to this example, and in vieW of Eqn. 2, consider 
that the X operand represents a negative number. In this 
instance, the Y operand (i.e., Y(msbit) to Y(bit0)) is sub 
tracted from the upper bits of the ?nal result to obtain a sign 
corrected product. Speci?cally, Y(msbit) is subtracted from 
the most signi?cant bit of the ?nal result (i.e., “PD(msbit)”), 
Y(msbit-1) is subtracted from PD(msbit-l), etc., until the 
least signi?cant Y operand bit, Y(bit0), is subtracted from 
the ?nal result bit PD(msbit-m), Where m is the number Y 
operand bits. Thus, for a 16-bit by 16-bit multiplier, Y(bit 
16) is subtracted from PD(bit32), Y(bit15) is subtracted 
from PD(bit31), etc., and Y(bit0) is subtracted from 
PD(bit16). The loWer bits of the ?nal result (i.e., PD(bit15) 
to PD(bit0)) do not require a subtraction operation to sign 
correct those bits. Similarly, if the Y operand represents a 
negative number, then the X operand bits (i.e., X(msbit) to 
X(bit0)) are subtracted from the upper bits of the ?nal result 
bits PD(msbit) to PD(msbit-n), Where n is the number of X 
operand bits. Artisans of ordinary skill Will appreciate that 
the nature of binary numbers in regards to ring modulo 
multiplication facilitates signed binary multiplication as 
described herein. Thus, signed multiplication can be accom 
plished Without further processing of the loWer bits of the 
partial or ?nal products. 

Exemplary TPUM 350 of FIG. 3 performs, as described 
in Eqn. 2, a multiplication of the X and Y operands as if they 
both are unsigned. But if either one or both of the operands 
are signed and negative (i.e., X(msbit):1, and/or 
Y(msbit):1) then the other operand’s bits (i.e., such as bits 
Y(bit3) to Y(bit0) or bits X(bit7) to X(bit0) for the TPUM 
shoWn in FIG. 3) are subtracted from the ?nal result. To 
accomplish the multiplication of signed operands, TPUM 
350 uses tWo control signals for enabling operation of sign 
correction circuits 362 and 370: XSGND and YSGND. 

The XSGND (“X operand is signed”) and YSGND (“Y 
operand is signed”) controls signals indicate Whether the X 
operand and Y operand, respectively, are a signed value. 
These controls signals are used to enable subtraction of (or 
addition of a negative) correction values from the ?nal result 
so that the output can be interpreted as a signed (i.e., tWo’s 
complement) or unsigned number. For example, if the 
X-operand is to be interpreted as a signed value, the XSGND 
control is activated, or set to one, for TPUMs in the left-most 
column in an array of TPUs. When activated, the most 
signi?cant bit of the X-operand is interpreted as the sign bit. 
If the Y-operand is to be interpreted as a signed value, the 
YSGND control is set to one, for example, in TPUMs in the 
bottom roW of an array of TPUs. Here, the most signi?cant 
bit of the Y-operand is the sign bit. Although in a speci?c 
embodiment of the present, “tWo’s complement” is the 
exemplary sign convention, other sign convention such as 
“one’s complement,” etc., are Within the spirit and scope of 
the present invention. 

In one embodiment, exemplary component circuits ysign 
(“ys”) circuit 360 and xsign (“xs”) circuit 368 respectively 
constitute Y sign correction circuit 362 and X sign correction 
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circuit 370. FIG. 9 describes examples of ysign circuit 360 
and xsign circuit 368 that are suitable to practice an embodi 
ment of the present invention. 

TPUM 350 of FIG. 3 also includes full adder circuit 374, 
Which is con?gured to generate the upper bits of either the 
intermediate partial products or the ?nal product. Full adder 
circuit 374 is designed to receive CLA carries, such as CSI 
and CHI, and can provide another carry CHO for a TPUM 
to the left of TPUM 350, if necessary. Further, full adder 
circuit 374 restores the various carries, especially from 
carry-save adder functions of multiplier bit circus 358. Full 
adder circuit 374 is composed of bitWise full adder circuits 
372, Which in some embodiments operate as ripple adders. 
Exemplary bitWise full adder circuits 372 suitable to practice 
an embodiment of the present invention are described in 
FIG. 9. 

FIG. 4 illustrates an exemplary functional circuit as TPUF 
400 according to one embodiment of the present invention. 
TPUF 400 can be represented by tWo primitives representing 
circuits; one primitive representing the functionality of 
TPUM 402 as a multiplier circuit, and one primitive repre 
senting the functionality of TPUP 404 as a pipeline circuit. 
Also shoWn, is the interconnections among TPUM 402, 
TPUP 404, and the global connections for communicating 
control signals, data, etc. An exemplary TPUM 402 is 
TPUM 350 of FIG. 3 and an exemplary TPUP 404 is TPUP 
700 of FIG. 7. It should be noted that to ef?ciently generate 
partial products, the interconnects betWeen TPUM 402 and 
TPUP 404 are dedicated in some embodiments and do not 
need programming for elfectuating the functionality of 
TPUF 400. In other Words, the TPU interconnects do not 
require expensive programmable routing resources inter 
nally, but can select to use programmable routing resources 
for providing the X, Y and P values to rest of a program 
mable logic fabric. Also shoWn in FIG. 4 is pipebit 406, 
Which is a pipeline register for storing and propagating the 
vertical carry bit CVO. 

FIG. 5 shoWs a table of control signals for con?guring 
TPUF 400 of FIG. 4, in accordance With an embodiment of 
the present invention. For example, TPUF 400 can be 
con?gured to operate as a partial multiplier of a larger 
multiplier if control bits 0 and 1 are both reset to Zero. But 
if bit 0 is set to one With bit 1 reset to Zero, then TPUF 400 
can operate as a delay chain, as Will be discussed in 
connection With FIG. 7. Further, setting bit 1 to one With bit 
0 reset to Zero con?gures TPUF 400 to enable shifting 
operations. 

Bit 2 is set to one if YIN bits are to be a constant Where 
control bits 16 to 19 constitute the “K” ?eld. The K ?eld is 
a number (e.g., 0000 to 1111) used as a constant number if 
bit 2 is set so that YIN bits are to be a constant. 

Bits 30 and 31 are employed if the TPUF 400 of FIG. 4 
is to round its ?nal result of a multiplication function. That 
is, rounding control signals alloW the addition of a rounding 
bit to most of the positions in the least signi?cant bits. In 
some embodiments, such control bits (or signals) can be 
applied to TPUM 350 of FIG. 3. Bit 30 (“RNDO con?gu 
ration bit”) alloWs the addition of the value 2**(4n) to the 
?nal result, Where “n” is the TPU roW number starting With 
n:0 in the top roW. This signal can be set to embed a 
“rounding operation” into the multiplier operation. Simi 
larly, bit 31 (“RND3 con?guration bit”) adds the value 
2**(4n+3) to the ?nal result. In typical operation, either bit 
30 or bit 31 bit need only be set to one in just one of the 
TPUs in the right column of a TPU array. Other control bits 
and signals are discussed beloW in connection With FIG. 7. 
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FIG. 6 depicts array 600 of TPUFs 400 of FIG. 4 
con?gured as a portion of a larger multiplier, according to a 
speci?c embodiment of the present invention. As shoWn, 
FIG. 6 illustrates the data How among TPUFs 620, 630, 640, 
and 650 for a tWo-block by tWo-block array for a 16-bit by 
8-bit multiplier, or alternatively, a subset of an array for a 
large multiplier (or shift array, if so con?gured). The X 
operand values enter the array in the top roW of TPUs 620 
and 630 using the XD input ports. In this instance, the X 
operand is communicated to the XD ports via global inter 
connection buses Q<3110> 602 and 604, Which are part of a 
programmable logic fabric. In this example, the upper 8 bits 
of the X operand are communicated via Q0<31z24> bus lines 
Whereas the loWer 8 bits are communicated via Q4<31124> 
bus lines. Further to this example, the top roW of TPUs 620 
and 630 propagate the pipelined value of the X operand to 
a next TPU roW of TPUFs 640 and 650 beloW by using PX 
lines. The PX lines connect the PTX output ports of one TPU 
to the XT input ports of the TPU beloW. The PTX output 
yalue can be programmed to be the same as the XT (or 
alternatively, XD) input or a registered value of the XT or 
XD input. 
Any TPU roW may be programmed to implement a single 

pipeline stage, Where a highest clock frequency of operation 
is realiZed When the X input is registered in the top roW and 
the PTX output is pipelined registered for each roW in a 
manner similarly depicted in FIG. 2. In alternative embodi 
ments, the PTX output may be non-registered so that the 
latency (number of clock cycles) needed to achieve the 
result is reduced. In other embodiments, one or more TPUs 
can be con?gured to register the PTX output in every other 
roW of TPUs in an array of TPUs. For example, the TPUPs 
of TPUFs 640 and 650 can be con?gured to provide the ?rst 
pipelined values of the X operand rather than the TPUPs of 
TPUFs 620 and 630. 

Again, intermediate results in columns to the left of the 
result column (i.e., right-most column) are output on the DR 
lines, Which are connected to the PL ports of the next TPU 
in the same roW, but to the right. These intermediate results 
can be communicated via one of the global interconnect 
lines PH00<3:0> and PH40<3:0> of bus 606 and global 
interconnect lines PH04<3:0> and PH44<3:0> of bus 608. 
For example, the intermediate results of TPUF 620 are 
communicated from the DR lines via PH00<3:0> lines on 
PH bus 606 to the PL ports (or lines) of TPUF 630. In this 
case, PH buses 606 and 608 are used only for TPU to TPU 
horiZontal connection. It should be noted that in this 
example the PL input ports are not used for the TPU blocks 
in the left-most column. 

The intermediate product results in the vertical direction 
are transferred from the PD output ports from each TPU to 
the PT ports of the TPU beloW using the PV lines (i.e., PV 
buses PV00<7:0> and/or PV40<7:0>) as shoWn in FIG. 6 for 
columns 603 and 605. The PD output value onto PV buses 
can be registered if the TPU is the bottom roW of a pipeline 
stage and otherWise is the direct combinational intermediate 
product result. 

Left column 603 of array portion 600 can include a 
vertical carry signal CVO (see FIG. 4 for pipebit 406 
primitive) that is used for sign correction, for example, in a 
TPUM 350 of FIG. 3 ofa TPUF in FIG. 5. A characteristic 
of an exemplary TPU architecture is the use of a full 
carry-look-ahead (CLA) capability. This alloWs the interme 
diate product to be fully restored at each pipeline stage. 

To complete the arithmetic requirements of the partition 
ing of a large multiplier into an array of TPUs, one vertical 
carry signal (i.e., CVI) and tWo horiZontal carry signals (i.e., 
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CSI and CHI) are generated. These are shoW in FIG. 6 as to 
correspond With CVI, CHI and CSI inputs of the neighbor 
ing TPU blocks. Again, in some embodiments, the horiZon 
tal CHO/CHI and CSO/CSI carries are part of the carry 
look-ahead process and need not be registered. But the 
vertical CVI carry can be used for sign correction and is 
registered for each pipeline stage. In some embodiments, the 
CVI may be used as an extension of the partial product 
output PD. That is, the CVI can be thought of as a sign 
and/or an additional bit as a result of the multiplication 

process (i.e., a ninth bit). 
FIG. 7 illustrates an exemplary TPUP 700 in accordance 

With a speci?c embodiment of the present invention. In some 
embodiments, TPUP 700 is similar in function and structure 
as TPUP 404 of FIG. 4. Exemplary TPUP 700 is composed 
of one or more types of registers, such as those depicted in 
FIG. 7, for providing pipeline delay(s), a delay chain, and/or 
a shift operation. Muxregs 708, 706, and 704 and pipereg 
702 of FIG. 7 can be con?gured to, for example, provide a 
delay in providing a partial product output at DR(bit3) to 
DR(bit0) (i.e., DR<3:0>). Alternatively, these register can be 
con?gured to generate a delay in providing YIN bits Y(bit3) 
to Y(bit0) to a TPUM as Y<3:0>. For example, TPUP(1,2) 
of TPU 304 of FIG. 2 might include pipereg 702 and 
muxregs 708, 706, and 704 of FIG. 7 as register 308 for 
providing four clock delays before outputting the partial 
product of DR(bit3) to DR(bit0). In particular, during clock 
cycle CLK(0), the partial product bits generated by TPUM 
(1,2) is input into muxreg 708 at its register input D0 via 
lines PR<3:0>. At clock cycle CLK(1), bits DR(bit3) to 
DR(bit0) are shifted out of muxreg 708 to muxreg 706. At 
clock cycle CLK(2), bits DR(bit3) to DR(bit0) are shifted 
out of muxreg 706 to muxreg 704. At clock cycle CLK(3), 
bits DR(bit3) to DR(bit0) are shifted out of muxreg 706 to 
pipereg 702. At clock cycle CLK(4), DR(bit3) to DR(bit0) 
are shifted out as a portion of the ?nal result. Suitable 
piperegs, muxregs, and dcx elements to practice the present 
invention, as shoWn in FIG. 7, are described in FIG. 8. 

In contrast, Y bit register 306 of TPU 332 of FIG. 2 can 
be realiZed by using TPUP 700 of FIG. 7. In some embodi 
ments, Y bit register 306 is integrated into a speci?c TPUP, 
such as TPUP (4,1). In exemplary operation, bits YIN(bit15) 
to YIN(bit12) are applied to Y bit register 306 as YIN<3:0> 
of FIG. 7 during an initial clock cycle CLK(0). Hence, 
YIN<3:0> bits can be applied to register input “D1” of 
muxreg 708 during CLK(0). At the ?rst clock cycle CLK(1), 
bits YIN(bit15) to YIN(bit12) are shifted from muxreg 708 
to muxreg 706. At the second clock cycle CLK(2), bits 
YIN(bit15) to YIN(bit12) are shifted from muxreg 706 to 
muxreg 704. At the third clock cycle CLK(3), bits YIN 
(bit15) to YIN(bit12) are shifted out multiplexer 709 as bits 
Y<3:0> to TPUM (4,1) of FIG. 2. Similar processes occur 
With the other Y bit registers 306 of FIG. 2, Which can be 
realiZed also by TPUP 700 of FIG. 7. In some embodiments, 
the Y<3:0> bits that are provided to a TPUM are constant 
numbers as determined by K<3:0>, Which is multiplexed 
through a mux4 multiplexer, such as mux 709. One skilled 
in the art should appreciate the same pipeline registers of a 
TPU thus can be used to delay inputs into a TPUM or to an 
external circuit element via global interconnect lines (not 
shoWn), for example, as Well as delaying outputs from 
TPUMS or other circuit elements. 

Control bits 23:20 and 26:24, as shoWn in FIG. 5, respec 
tively are used to provide for control signal PSEL and YSEL 
of FIG. 7. Control signal PSEL is a pipeline output select 
signal that determines the number of delay steps before 
providing the DR<3:0> output. Control signal YSELY deter 
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mines the number of vertical pipeline stages so that the YIN 
bits are multiplied at the appropriate time. Moreover, EPIPE 
control signal (control bit not shoWn) is used to enable 
pipeline register loading on a given clock cycle. This signal 
is also distributed to TPUs in the same column for enabling 
“pipeline stall” action Without having to discontinue the 
clock. But for the loWer bits of a TPU in the right-most 
column to be output as DR<3:0>, the registered output (i.e., 
?nal pipeline stage in the roW) is shifted out When the RPIPE 
con?guration bit (i.e., bit 15) is set to one in the TPU blocks 
of the right column. 

Returning back to FIG. 2, the TPUPs, such as TPUP (1,1), 
TPUP (1,2), etc. are realiZed by using piperegs 710 and 720. 
In particular, the upper bits of the partial product generate by 
a TPUM is provided to lines PB<7:4> and PB<310> for 
temporal storage in piperegs 710 and 720. When enabled by 
control signal BPIPE, Which is associated With control bit 14 
of FIG. 5, piperegs 710 and 720 provide the partial results 
to the next TPUM in a roW beloW via lines PD<7:4> and 
PD<3:0> of FIG. 7. 

Control bit 11 and corresponding control signal XPIPE is 
used to enable a pipeline register for providing an output via 
a PTX line to a TPU beloW. To register the input operand 
values, such as the X operand, the control signal XPIPE is 
set to one for the TPUs in the top roW While YSEL[0] control 
in TPU blocks are set to one. Setting YSEL bits, hoWever, is 
not necessary if the Y operand is constant. 

In another speci?c embodiment, TPUP 700 in FIG. 7 is 
con?gured as a delay chain, Which delays a value input into 
YIN<3:0> from one to eight clock cycles. For example, the 
value (i.e., bits YIN(bit3) to YIN(bit0)) to be delayed is ?rst 
input into register input “D2” of muxreg 708 for a delay of 
one to three clock cycles depending on Whether one or more 
of registers muxreg 708, 706, and/or 704 are to be used. If 
the value is to be delayed by one clock cycle, then that value 
is input as YIN<3:0> into muxreg 704 as the only register in 
the delay chain. The delayed value is outputted onto YR<3: 
0> lines. The value can be delayed by an additional 2 clock 
cycles, When that value is outputted from the YR<3:0> lines 
on the right, as shoWn, of TPUP 700 of FIG. 7 into register 
input “D1” of pipereg 718. Pipereg 720 is coupled to pipereg 
718 to provide the second additional clock cycle. After the 
second clock cycle of the additional delay of tWo cycles, the 
value is clocked out of register output “y” of pipereg 720 
onto lines PD<7:4>. To add an additional delay of 3 clock 
cycles, the value on the PD<7:4> lines is fed into register 
input “D1” of pipereg 712. Then the value is clocked out of 
register output “y” of pipereg 712 into register input “D1” of 
pipereg 710 as another clock cycle delay. Lastly, the third 
additional clock delay is obtained by gating the value out of 
register output “y” of pipereg 710 into register input “D1” of 
pipereg 702. Thus, after the value has traversed each of these 
registers, a delay chain of 8 clock cycles has been realiZed. 
One skilled in the art should realiZe that any delay from 1 to 
8 clock cycles can be generated using TPUP of FIG. 7. In 
other embodiments, additional clock cycles can be added to 
the delay chain by employing one or more additional TPUPs 
in series. 

In yet another speci?c embodiment, TPUP 700 in FIG. 7 
is con?gured as a shifting circuit that shifts a value of a Y 
operand input into YIN<3:0> by a number of bits de?ned by 
the X operand. In one embodiment of the present invention, 
a ?rst subset and a second subset of X operand bits de?ne the 
shift operation process. The ?rst subset of bits indicates the 
roW number in Which a TPU Will be used to perform a shift 
operation, and the second subset of bits indicates the number 
of bits that the Y operand is to be shifted. As shoWn in FIG. 
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7, the X operand bits are applied to lines XD<3:0> and 
XD<7:4> for communication to register input “d” of dcx 722 
via piperegs 712 and 718. In this example, control bits 
SP<2:0> select a speci?c TPU roW (e.g., roW 0 to roW 7) 
Wherein a TPU in that speci?c TPU roW is con?gured to 
perform the shift operation. 

For example, suppose that the value 00011010 is applied 
as the X operand in a shift operation, With a Y operand of 
0101. Here, X operand bits X(bit5), X(bit4), and X(bit3) 
form the ?rst subset of bits. That is, bits X(bit5), X(bit4), and 
X(bit3) are “011,” and these bits enable a TPU in TPU roW 
3 to perform the shift operation if bits SP<2:0> are also 
“011.” X operand bits X(bit2), X(bit1), and X(bit0) form the 
second subset of bits, Which is used to generate a multipli 
cative operand (i.e., SX(bit7) to SX(bit0)) that can be 
applied to the TPUM of the selected TPU for elfectuating the 
shift function. Further to this example, X operand bits 
X(bit2), X(bit1), and X(bit0) are “010.” Thus, bit SX(bit2) 
is 1 and all other SX bits are 0 such that bits SX(bit7) to 
SX(bit0) are 0000 0100. With 0000 0100 applied to bits X7 
to X.0 ofthe TPUM, and With 0101 applied to bits Y3 to Y.0, 
the concatenated partial product and ?nal result is 0000 0001 
0100, Which is “0101” shifted by tWo bits. Therefore, the Y 
operand is shifted in accordance With the bits of the X 
operand. One having ordinary skill in the art Will appreciate 
that the Y operand can be shifted to the left and/or to the 
right by any number of bits in accordance With the present 
invention. 

FIG. 10 illustrates subsystems found in one exemplary 
computer system, such as computer system 1006, that can be 
used in accordance With embodiments of the present inven 
tion. Computers can be con?gured With many different 
hardWare components and can be made in many dimensions 
and styles (e.g., laptop, palmtop, server, Workstation and 
mainframe). Thus, any hardWare platform suitable for per 
forming the processing described herein is suitable for use 
With the present invention. 

Subsystems Within computer system 1006 are directly 
interfaced to an internal bus 1010. The subsystems include 
an input/output (I/O) controller 1012, a system random 
access memory (RAM) 1014, a central processing unit 
(CPU) 1016, a display adapter 1018, a serial port 1020, a 
?xed disk 1022 and a netWork interface adapter 1024. The 
use of bus 1010 alloWs each of the subsystems to transfer 
data among the subsystems and, most importantly, With CPU 
1016. External devices can communicate With CPU 1016 or 
other subsystems via bus 1010 by interfacing With a sub 
system on bus 1010. In one embodiment, CPU 1016 is a 
con?gurable processor according to the present invention. In 
another embodiment, a con?gurable processor (not shoWn) 
is adapted to operate in communication With the CPU 1016. 

FIG. 10 is merely illustrative of one suitable con?guration 
for providing a system in accordance With the present 
invention. Subsystems, components or devices other than 
those shoWn in FIG. 10 can be added Without deviating from 
the scope of the invention. A suitable computer system can 
also be achieved Without using all of the subsystems shoWn 
in FIG. 10. Other subsystems such as a CD-ROM drive, 
graphics accelerator, etc., can be included in the con?gura 
tion Without a?fecting the performance of computer system 
1006. 
One embodiment according to the present invention is 

related to the use of an apparatus, such as computer system 
1006, for implementing a system according to embodiments 
of the present invention. CPU 1016 can execute one or more 
sequences of one or more instructions contained in system 
RAM 1014. Such instructions may be read into system RAM 
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1014 from a computer-readable medium, such as ?xed disk 
1022. Execution of the sequences of instructions contained 
in system RAM 1014 causes the CPU 1016 to perform 
process steps, such as the process steps described herein. 
One or more processors in a multi-processing arrangement 
may also be employed to execute the sequences of instruc 
tions contained in the memory. In alternative embodiments, 
hard-Wired circuitry may be used in place of or in combi 
nation With softWare instructions to implement the inven 
tion. Thus, embodiments of the invention are not limited to 
any speci?c combination of hardWare circuitry and softWare. 

The terms “computer-readable medium” and “computer 
readable media” as used herein refer to any medium or 
media that participate in providing instructions to CPU 1016 
for execution. Such media can take many forms, including, 
but not limited to, non-volatile media, volatile media and 
transmission media. Non-volatile media include, for 
example, optical or magnetic disks, such as ?xed disk 1022. 
Volatile media include dynamic memory, such as system 
RAM 1014. Transmission media include coaxial cables, 
copper Wire and ?ber optics, among others, including the 
Wires that comprise one embodiment of bus 1010. Trans 
mission media can also take the form of acoustic or light 
Waves, such as those generated during radio frequency (RF) 
and infrared (IR) data communications. Common forms of 
computer-readable media include, for example, a ?oppy 
disk, a ?exible disk, a hard disk, magnetic tape, any other 
magnetic medium, a CD-ROM disk, digital video disk 
(DVD), any other optical medium, punch cards, paper tape, 
any other physical medium With patterns of marks or holes, 
a RAM, a PROM, an EPROM, a FLASHEPROM, any other 
memory chip or cartridge, a carrier Wave, or any other 
medium from Which a computer can read. 

Various forms of computer-readable media may be 
involved in carrying one or more sequences of one or more 
instructions to CPU 1016 for execution. Bus 1010 carries the 
data to system RAM 1014, from Which CPU 1016 retrieves 
and executes the instructions. The instructions received by 
system RAM 1014 can optionally be stored on ?xed disk 
1022 either before or after execution by CPU 1016. 
The above description is illustrative and not restrictive. 

Many variations of the invention Will become apparent to 
those of skill in the art upon revieW of this disclosure. For 
example, a TPUM in accordance With a speci?c embodiment 
can be structured to include any number of X operand bits 
and/or Y operand bits. As another example, more than one 
clock signals can be used to optimiZe timing of pipelining 
functionalities (e.g., implementing pipeline stalls, etc.). The 
scope of the invention should, therefore, be determined not 
With reference to the above description, but instead should 
be determined With reference to the appended claims along 
With their full scope of equivalents. 

What is claimed: 
1. A transitive processing unit (“TPU”) circuit con?g 

urable to function as a part of an array of TPU circuits, the 
TPU circuit comprising: 

a multiplier circuit comprising 
a ?rst operand input for receiving a portion of a ?rst 

operand and a second operand input for receiving a 
portion of a second operand, the multiplier circuit 
further con?gured to receive 

a portion of a left-immediate result generated by a left 
TPU circuit to the left of the TPU circuit if present in 
the array, and 

a portion of an above-partial product from an above-TPU 
circuit above the TPU circuit if present in the array, 
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Where the multiplier circuit generates a portion of an 
immediate result and a portion of a partial product; and 

a pipeline circuit con?gured to temporally store the ?rst 
operand input and the second operand input to generate 
the portion of the immediate result and the portion of a 
partial product at a speci?c point in time. 

2. The TPU circuit of claim 1, Wherein the portion of the 
?rst operand is communicated to another pipeline circuit in 
a beloW-TPU circuit located beloW the TPU circuit, if 
present in the array. 

3. The TPU circuit of claim 1, Wherein the portion of the 
second operand input is communicated to another multiplier 
circuit in a right-TPU circuit located to the right of the TPU 
circuit, if present in the array. 

4. The TPU circuit of claim 1, Wherein the portions of the 
?rst operand and the second operand are provided to the 
multiplier circuit at a ?rst point in time. 

5. The TPU circuit of claim 1, Wherein the multiplier 
circuit is further con?gured to communicate the portion of 
the immediate result to a right-TPU circuit, if present in the 
array. 

6. The TPU circuit of claim 1, Wherein the pipeline circuit 
is further con?gured to temporally store the portion of the 
immediate result if the TPU circuit is a right-most TPU 
circuit. 

7. The TPU circuit of claim 6, Wherein the pipeline circuit 
stores the portion of the immediate result until a ?nal result 
is generated. 

8. The TPU circuit of claim 1, Wherein the pipeline circuit 
is further con?gured to temporally store the portion of the 
partial product result. 

9. The TPU circuit of claim 8, Wherein the pipeline circuit 
provides the portion of the partial product to a beloW-TPU 
circuit, if present in the array. 

10. The TPU circuit of claim 9, Wherein the portion of the 
partial product is provided to the beloW-TPU circuit at a 
second point in time. 

11. The TPU circuit of claim 1, Wherein the multiplier 
circuit is further comprises a horizontal carry circuit to 
receive at least one horiZontal carry for performing carry 
look-ahead, if a right-TPU circuit to the right of the TPU 
circuit is present in the array. 

12. The TPU circuit of claim 1, Wherein the pipeline 
circuit further comprises a vertical carry register for storing 
a vertical carry, as generated by the multiplier circuit if the 
above-TPU circuit is present in the array. 

13. The TPU circuit of claim 1, Wherein the multiplier 
circuit further comprises at least one sign correction circuit 
con?gured to adjust the magnitude of the ?nal result if at 
least one of the ?rst operand and the second operand 
represents a signed, negative value. 

14. The TPU circuit of claim 13, Wherein the at least one 
sign correction circuit includes a sign detection circuit for 
determining if the most signi?cant bit of one of the ?rst 
operand and the second operand is a value indicating a 
negative number. 

15. The TPU circuit of claim 13, Wherein the at least one 
sign correction circuit is an x-signed correction circuit 
con?gured to subtract the portion of the ?rst operand from 
the portion of the partial product if the second operand 
represents a signed, negative value. 

16. The TPU circuit of claim 13, Wherein the at least one 
sign correction circuit is a y-signed correction circuit con 
?gured to subtract the portion of the second operand if the 
?rst operand represents a signed, negative value. 






